A wave driven sea-water pump which operates by resonance is described. Oscillations in the resonant and exhaust ducts perform similar to two mass-spring systems coupled by a third spring acting for the compression chamber. Performance of the pump is optimized by means of a variable volume air compression chamber (patents pending) which tunes the system to the incoming wave frequency.
INTRODUCTION
Many sites in the ocean are vulnerable to the accumulation of substances as a result of a weak flushing rate by comparison to the speed at which a particular substance is added or generated locally. Such sites include coastal lagoons, harbours and bays. Exceeding a certain degree of accumulation, some of these substances constitute a nuisance or can be dangerous even though they might otherwise be inocuous or could be safely digested by the sea. In some cases, these dangers can be averted by diminishing the local residence time so that the pollutant is promptly dispersed before it is allowed to accumulate.
Ways of diminishing the residence time at a site include pumping clean water into the area or increasing communication with the ocean by clearing obstacles. Each particular option has advantages and drawbacks which must be evaluated in a cost-benefit exercise.
M. Merino, F.Ruiz and M.A.Alatorre proposed using the energy of waves for flushing out coastal water bodies. They developed a sea-water pump which amplifies waves by convergence and rectifies the crests above the mean sea level, driving a gravity flow towards the receiving body of water (Ruiz et al., 1995) . In this paper, an alternative wave energy driven sea-water pump is presented as an option for diminishing the residence time at stagnant coastal locations. The pump design is based on the work of Carey & Meratla (1977) and includes improvements which enhance preformance under varying wave climate conditions. The pump may be used to flush out polluted coastal lagoons or harbours, or to inject oxygen rich sea water. The absence of moving parts allows the passage of larvae undamaged through the pump which permits using the system to recover isolated coastal lagoons as nursery grounds. Controlled flow through the pump allows for environmental impact management. A schematic diagram of the sea water pump can be seen in Figure 1 . The wave induced pressure signal at the mouth of the resonant duct drives an oscillating flow which spills water into the compression chamber and through the exhaust duct to the receiving body of water with each passing wave. Air in the chamber behaves like a spring against which water in the resonant and exhaust ducts oscillates. Maximum efficiency is attained at resonance when the system natural frequency of oscillation coincides with the frequency of the driving waves (see Lighthill, 1979) . A resonant condition can be maintained for different wave frequencies by means of a variable volume compression chamber which adjusts the hardness of the air spring Czitrom(Patent pending).
DESCRIPTION AND THEORY
Water surface displacement in the resonant and exhaust ducts can be described using the two coupled non-linear second order differential equations 1a and 1b. 
Subscripts 1, 2 and c correspond to the resonant and exhaust ducts and compression chamber respectively. X is the surface displacement in either duct relative to the equilibrium position in the compression chamber and L and A are lengths and areas respectively. Also, Reduced gravity due to inclination of the resonant duct at the compression chamber (m s -2 ) 1a and 1b were derived applying Bernoulli's equation to lines that join the water surface in the resonant and exhaust ducts to the ocean and receiving water body surfaces respectively (see Knott & Flower (1979) , Knott & Mackley(1980) , Czitrom et al. (1994) ). Coupling of the two equations occurs through the air compression term (5 th in both equations) which was obtained assuming adiabatic conditions. Terms were added to account for pressure loss due to vortex formation at the duct mouths (3 rd ) and to friction against the walls (4 th ).
The form given in eqs. 1 for the latter two terms was derived using dimensional analysis. The full terms, shown below, exhibit a dependence on Reynolds, Froude and Strouhal numbers, a nondimensional velocity and a nondimensional roughness of the duct wall.
Pressure loss by the formation of vortex rings at the mouth is given by (see also Knott and Mackley, 1980) 
and the loss of pressure due to friction (Czitrom, 1996; Pérez, 1996) by
Here w is the frequency of the oscillatory flow, r and D are the duct roughness and diameter respectively, µ is viscosity, and v max is the oscillating flow velocity amplitude. Further discussion and estimates of the functions K, f 1 and f 2 are given below, where the experimental stage with a model of the pump is presented.
As a result of the non-linear terms, analytic solutions to Eqs. 1, if they indeed exist, are likely to be quite complex and difficult to interpret. A precise solution of these equations requires the use of numerical methods. This approach, however, does not necessarily increase our knowledge of the underlying physics.
A more enlightening alternative is to linearize the equations and to interpret the resulting analytic solutions within the limits imposed by the approximation. Assuming W= a A t g Sin(wt) (where a is the wave amplitude and A t is the signal attenuation with depth), retaining the linear terms and separating variables, equations 1a and 1b reduce to 
It is apparent that both equations are the same except for the amplitude of the forcing function (RHS) and that they have oscillatory solutions. Solving the homogeneous part yields the system's natural frequencies of oscillation:
The lower of these two values corresponds to the frequency with which the system, composed of the water in both ducts and the air in between, oscillates as a rigid body about the position of equilibrium. The higher value corresponds to the frequency with which water in both ducts oscillates about their centre of mass, compressing and decompressing the air in between. This is the frequency exploited for pumping. Solving for Vo yields the volume of air necessary for resonance to occur and provides the algorithm for tuning (See Czitrom, 1996) .
The pump can be understood as two mass-spring systems coupled by a third spring acting for the compression chamber as illustrated in Fig. 2 .
Ducts L' 1 and L' 2 oscillate about the centre of mass with frequency Wo while the centre of mass itself oscillates back and forth with frequency W 1 . This description corresponds to the linear behaviour of the pump and gives a basic understanding of the processes governing the system. It is as accurate as the nonlinear terms are small relative to the linear terms. Friction and other non-linear losses deviate this behaviour in ways which will be fully analyzed elsewhere.
EXPERIMENTAL SETUP
A ~1:20 scale model of the pump was built in acrylic plastic as shown in Fig. 3 . The mouth of the resonant duct (A) was placed in the wave tank exposed to the passing waves while the exhaust duct (C) was placed in a bucket of water (D) which was leveled flush with the surface of the tank. The pump was primed at the start of the experiments by creating a partial vacuum which brought water up from the tank to the working level in the compression chamber (B). Water level in the connecting chamber (E) was modified by moving liquid to and from the storage tanks (F) beneath the pump.
The pump was fully instrumented with water height sensors of the capacitance type in the resonant and exhaust ducts at the compression chamber, and piezoelectric pressure sensors at the duct mouth and in the compression chamber. An additional water height sensor was placed near the resonant duct mouth to monitor the driving wave height. Flow rate through the pump was measured by timing the water spilt at the bucket with a calibrated vessel. The wave period as well as its profile were modified using the tank control computer to give sinusoidal and cnoidal wave trains as well as polichromatic wave packets. Results shown in this paper correspond to sinusoidal wave trains of 2.25 s period and 0.05 m amplitude. Performance of the pump was monitored for various tuning conditions by changing the volume of air in the connecting compression chamber. The effect on pump performance of the resonant duct sill height in the compression chamber was also tested.
The loss of energy due to the formation of vortices at the resonant duct mouth (See Knott & Mackley, 1980; Knott & Flower, 1980) was evaluated by comparing performance of the pump with and without a bell mouth at the duct entrance.
THE NUMERICAL MODEL
A numerical model of the pump was written in Turbo Pascal for an IBM compatible PC to simulate water surface displacement in the resonant and exhaust ducts. Equations 1a and 1b were integrated forward in time using a simple finite difference forward integration scheme. This scheme delivered undistinguishable results from the Runge-Kutta method of integration but has the advantage of greater speed and flexibility during the spilling stage at the resonant duct sill.
A further term was added to equations 1 during spilling at the compression chamber. This term accounts for the pressure loss due to the formation of a water column above the sill of the resonant duct at that time. Using dimensional analysis, the model reproduces observations remarcably well despite some discrepancy at the spilling stage when the sill is overtaken by water in the resonant duct. Splashing in the compression chamber during spilling appears as high frequency oscillations in the exhaust duct measurement trace. (Czitrom, 1996) and sill height is scaled with the wave amplitude. Figure 5 shows a plot of observed and modelled flow (Q) through the pump against the volume of air in the compression chamber (Vo) for various resonant duct sill heights. It can be seen that the overall shape of the curves and the tuning air volume for which maximum pumping occurs are reproduced quite well by the numerical model. The modelled rates of flow, however, are somewhat low for large sill heights and viceversa. This is likely the result of assumptions made for conditions at the spilling stage when the greatest discrepancies between the model and observations occur (see Fig. 4 ). Further work will have to be conducted to better determine the coefficient f 2 in equation 3 It can be seen that peaks in Fig. 5 shift to the right with increasing sill height. This results from changes in the length of the water mass in the ducts as the sill height is modified. The way the experiment was set up, a greater sill height (at constant air volume) was obtained by lowering the level of water in the compression chamber while increasing it in the connecting chamber. This drops the equilibrium position in the resonant and exhaust ducts and in turn diminishes the duct lengths. Shorter ducts result in higher natural frequencies of oscillation so that resonance at the driving wave period will occur at larger air chamber volumes when the restoring force of the air spring is weaker.
Maximum pumping in Fig. 5 is to the left of the volume required for resonance in the linearized model (1 in the horizontal scale). Contributing factors for this effect must be friction, vortex ring formation and other nonlinear losses, since they tend to decrease the system natural frequency of oscillation. A stiffer air spring (smaller volume) is thus needed for resonance to occur at the driving wave period.
The relative influence of the nonlinear terms decreases with diminishing wave size. An experiment with smaller waves (not shown) exhibited maximum pumping at volumes nearer 1 than those in Fig. 5 . Further work must be conducted to fully understand the effect of the nonlinear terms. One approach is to find solutions to equations 1 using linear approximations to these terms. Numerical and experimental studies must also be considered.
Model integrations in figures 4 and 5 were carried out adjusting K 1 , K 2 , ε 1 and ε 2 to obtain the best fit. ε is an added length due to edge effects at the duct mouths. The physical interpretation for ε is that oscillatory flow dies out a certain distance from the resonant and exhaust duct mouths making the operative length of these ducts somewhat greater than the measured length, effectively changing the system natural frequency of oscillation. The best fit at resonance was obtained with ε 1 = ε 2 = 0.08 implying operative duct lengths 8 % greater than the measured lengths. K 1 = K 2 = 0.1 imply a loss of 10 % of the energy available for the formation of vortex rings at the resonant and exhaust duct mouths in the presence of an oscillating flow (Knott & Mackley, 1980) . K 1 increased to 0.9 to obtain the best fit for experiments in which the flare at the resonant duct mouth was removed. Flow through the pump also diminished by about 10 % in these experiments showing that the flare effectively reduces the formation of vortices at the mouth.
In oscillatory motion the f 1 function of the friction term depends on the frequency of the movement through a Strouhal number as shown before. No explicit form for this function was available for the simulations so f 1 was assumed proportional to the well known relation for unidirectional flow in hydraulics by a constant factor of 10. This factor was suggested by Carstens (Personal communication) and the simulations were quite successful. Further work must be nevertheless conducted to better understand the effect of oscillations on losses by friction (see also Pérez et al., 1996) .
DISCUSSION
A wave driven sea-water pump which operates by resonance and wave tank experiments with a 1:20 scale model of the pump are described. A numerical model accurately simulates the behaviour of the pump.
The numerical model can be used to estimate the flow in a real application. For a resonant duct of say 1 m diameter and a wave of say 0.5 m amplitude and 13 s period, an optimized sea water pump can produce a flow of some 0.15 m 3 /s. Such a flow would completely interchange water in a typical coastal water body of say 2 km. length, 1 km. width and 1 m. depth (2 X 10 6 m 3 ) in about 150 days confirming the pump to be a practical coastal management tool.
As with all tools, however, it must be applied judiciously to have a positive impact. An erroneous application can result in serious damage to the coastal environment. In this sense the ability to regulate flow through the pump allows for impact management; in contrast to the use of channel dredging to increase communication, where control is essentially lost once the channel has been opened.
Although a full cost evaluation must still be made, it is likely that the expense incurred in the proposed system could be nearly two orders of magnitude lower than channel dredging. In contrast to the sea-water pump proposed by Ruiz, et al. (1995) , the system described here can be readily protected from storms and its' installation does not interfere with litoral transport.
In addition to basic pumping as a means for flushing polluted areas, the absence of moving parts allows the passage of larvae undamaged through the pump. This permits using the system to recover isolated coastal lagoons as nursery grounds for migrant species that live in such water bodies at some stage in their development. The sea water pump may also be used in aquaculture where a sizable percentage of farming costs is thus spent.
Sea trials with a prototype of the pump were conducted on the sand-bar isolating a coastal lagoon from the Pacific Ocean in the state of Oaxaca, Mexico (to be fully reported elsewhere). The success of these tests prove the pump to be a viable low cost management device.
